Introduction
Zinc (Zn) is an essential trace element for both animal and microorganisms in the rumen and is required for several metabolic functions as well (1) . Although administration of Zn supplement in ruminant diets has been increased in recent years, it is not clear yet which supplement form, an organic or inorganic source, is more effective for improving animal performance. Some researchers (2, 3) have reported greater bioavailability for organic Zn sources than that observed for inorganic forms, including Zn oxide and Zn sulfate. It has been demonstrated that organic Zn is transported intact from the intestinal lumen into mucosal cells, increasing tissue supply of Zn and thereby improving animal productivity (4) .
Furthermore, studies on the effects of Zn source on nutrients digestibility and ruminal fermentation are scarce (5) and, where available, results are contradictory. However, in this regard, Salama et al. (5) in their study of goats found that digestibility of dry matter (DM), organic matter, and crude protein (CP) increased when the diets were supplemented with 1 g/day organic Zn. In contrast, Mandal et al. (6) and Jia et al. (7) indicated that DM, CP, acid detergent fiber (ADF), and neutral detergent fiber (NDF) digestibility were not affected by dietary Zn in bull and goat, respectively. In addition, Garg et al. (4) found that supplementation of the basal diet with 20 mg of organic Zn/kg DM improved ADF digestibility in lambs, but DM, CP, and NDF digestibility were not affected.
With the aim of providing more empirical evidence concerning the effect of components providing the element Zn, a prospective study was conducted using growing Zandi lambs as a domestic ruminant model. To accomplish this, diets were supplemented with Zn from organic or inorganic sources and then performance, nutrient digestibility, amount and rate of gas production, and utilization of metabolizable energy (ME) were evaluated. Ruminal fermentation patterns were also studied as the key important parameter for the feeding value of these Zn sources.
Materials and methods
In experiment 1, 18 Zandi male lambs (3-4 months of age; 21.30 ± 0.55 kg BW) were randomly assigned into a control group (no supplemental Zn) or 1 of 2 Zn supplementation groups: ZnSO 4 (ZnS) or Zn-peptide (ZnP). Both supplements provided 20 mg Zn/kg DM. Animals were housed in individual pens and fed a total mixed ration (TMR) containing 650 g/kg concentrate mixture (CM), 200 g/kg alfalfa hay, and 150 g/kg wheat straw (DM basis). The CM contained 700 g/kg ground barley grain, 150 g/kg cotton seed meal, 140 g/kg wheat bran, 6.0 g/kg mineralvitamin mixture (without Zn), and 4.0 g/kg salt. Lambs were fed the experimental diets in 2 equal portions at 0800 and 1600 hours. The TMR contained basal content of 22.8 mg Zn/kg DM. The feeding trial lasted for 90 days. Feed intake and BW were recorded daily and biweekly, respectively.
During the sixth fortnight of the feeding period, diets and refusals were sampled daily, and fecal samples were collected from individual lambs for determination of in vivo digestibility. Diet and fecal samples were dried in a forced-air oven at 60 °C for 48 h to determine DM content (8) . The samples were ground (2 mm) and analyzed for CP (8) with a Kjeltech nitrogen analyzer (Tecator, Sweden). Sequential detergent fiber analysis was used to determine NDF and ADF concentrations as described previously (9) .
Digestibility of DM was determined using acid insoluble ash (AIA) as an internal marker according to the procedures described by Van Keulen and Young (10) . Briefly, fecal samples were composited across the 4-day sampling period for individual animals. After determination of DM, CP, NDF, and ether extract (EE), feed and fecal samples were ashed at 450 °C for 8 h and the ash was then boiled in 100 mL of 2 N HCl for 5 min. Samples were then filtered through Whatman No. 541 filter paper in a vacuum system. Samples and filter paper were again ashed for 8 h. Dry matter and nutrient digestibilities were calculated using the following equations (10):
Dry matter digestibility = 100 − [100 (AIA in feed/AIA in feces)], Digestibility of nutrient = 100 − [(AIA in feed/AIA in feces) × (nutrient in feces/nutrient in feed)] × 100.
Blood samples were collected from all lambs at day 0 and subsequently at an interval of 30 days from the jugular vein for determination of mineral and enzyme activities.
In experiment 2, in vitro gas production (11) was used to estimate in vitro DM digestibility (IVDMD), ME, and short-chain fatty acid (SCFA) production. Ruminal fluid obtained from 4 animals 3 h after morning feeding was mixed and strained through 4 layers of cheesecloth into a prewarmed thermos and transported to the laboratory. The lambs were fed a TMR (60:40 forage:concentrate; DM basis) and 0.6% mineral and vitamin premix (without Zn). The TMR contained 20.1 mg Zn/kg DM from forage and grain. The lambs were fed twice daily at 0700 and 1900 hours and had free access to water. Incubation medium was prepared as described by Menke et al. (11) . Samples, each of 200 ± 0.2 mg DM, were incubated in 100-mL glass bottles in which 30 mL of the incubation medium was added. To each bottle, one of the following treatments was applied: 1) control (C; no supplemental zinc), 2) 20 ppm of Zn as ZnS, or 3) 20 ppm of Zn as ZnP. Samples were incubated in triplicate and cumulative gas production was monitored at 2, 4, 6, 8, 10, 12, 15, 19, 24, 30, 36, 48, 72 , and 96 h after incubation. Three bottles with incubation medium only were used as blanks to correct the gas production values for gas release from the rumen contents. The gas production data were fitted to the following model of France et al. (12):
], where A is the volume of gas production at time t, b is the asymptotic gas production (based on mL/200 mg DM), k is the rate of gas production per hour from the slowly fermentable feed fraction b, and the time lag (L) is the discrete lag time prior to gas production.
The rate of gas production (RGP) at 4 and 6 h was calculated from recorded volumes of gas produced before and after these times (13) . For example, RGP at 4 h was calculated as:
(volume of gas produced at 6 h -volume of gas produced at 2 h) 4 × sample weight (mg) IVDMD was determined after 96 h of incubation by recovery of the undigested fraction using sintered crucibles. Recovered residues were washed under running water and subsequently dried at 100 °C for 24 h (13). ME in MJ/kg DM was estimated according to the equation of Menke and Steingass (14) : ME = 2.20 + 0.136 IVGP 24 (mL/200 mg DM) + 0.057 CP (DM%), were IVGP 24 is 24-h gas volume and CP is the crude protein content of the feed sample.
SCFAs were estimated by the equation of Makkar (15): SCFA (mmol/g DM) = 0.0222 (mL gas at 24 h) -0.00425.
Data were analyzed in a completely randomized design using the MIXED procedure of SAS (16) . For variables measured over time (average daily gain, dry matter intake, and feed conversion ratio), time was added to the model as a repeated factor. Duncan's multiple range test was used to detect statistical significance between treatments using a significance level of 0.05.
Results

Performance
The results of growth rate and performance are shown in Table 1 . Average daily gain and dry matter intake increased (P < 0.05) with Zn supplementation and were higher for the lambs fed with ZnP as compared with those fed with ZnS and the control diet. Feed required per unit of weight gain was lower (P < 0.05) in the ZnP group compared to the control and ZnS groups.
Blood Zn status and enzyme activity
The data pertaining to blood Zn concentration of lambs on various Zn-containing diets are detailed in Figure 1 . The Zn plasma concentration for ZnP (155.2 µg/dL) and ZnS (149.7 µg/dL) groups were greater than in the control (134.6 µg/dL) group (P < 0.05), as illustrated in Figure 1 . Moreover, the concentration of Zn in plasma was increased when the experimental diet was supplemented with ZnP as compared to ZnS (P < 0.05).
The results for the serum enzymes activities are presented in Figure 1 . There were no differences in serum glutamic oxaloacetic transaminase (SGOT) and serum glutamic pyruvic transaminase (SGPT) activities among treatments (P < 0.05).
In vivo digestibility and gas production parameters
The digestibility of DM, organic matter, and EE was not affected by treatment (Table 2 ). However, our findings revealed that supplementation of the diet with ZnP increased digestibility of CP and NDF (P < 0.05).
The effects of different sources of Zn on in vitro gas production, IVDMD, ME, and the production of SCFAs are shown in Table 3 and Figure 2 . The rates and total production of gas were not different among the groups. Asymptotic gas production (b) tended to be higher (P = 0.08) for the ZnP group compared with the ZnS and control groups. There were no differences among treatments for the fractional rate of gas production (k) and lag time (L).
The IVDMD and ME content were increased (P < 0.05) with the diet supplemented with ZnP as compared to the ZnS and control groups. The concentration of SCFAs was increased (P < 0.05) following supplementation of the diet with either ZnP or ZnS as compared to the control diet.
Discussion
Performance
The improved dry matter intake observed in this study following Zn supplementation is in agreement with the previous findings of Garg et al. (4) . However, it has been reported that supplementation of diets with Znmethionine had no effect on feed intake in goats (5), growing lambs (17, 18) , and beef steers (6), which is in contrast to our findings and other reports (4) .
The average daily gain of the lambs during the 90-day experimental period was increased with ZnP as compared to both ZnS and the control. Similar to our results, Dey and Garg (19) observed a higher growth rate in weaned albino rats supplemented with Zn-methionine as compared to those fed ZnCl. On the other hand, supplementation of the diet with organic sources of zinc had no effect on growth performance of calves (2, 20) , lambs (18) , goats (5), and guinea pigs (21) relative to the control or inorganic Zn supplements.
Our data revealed that addition of 20 mg/kg DM of ZnP to the basal diet containing 22.8 mg Zn/kg DM improved the feed conversion ratio. Similarly, Garg et al. (4) and Fadayifar et al. (18) observed improved feed efficiency in finishing lambs fed organic Zn as compared to lambs fed ZnS or a control diet. In contrast, observations in calves (22) and steers (6) showed that diet Zn supplementation had no effect on feed efficiency. In small animal feeding trials, Shinde et al. (21) did not find any difference in feed efficiency in guinea pigs supplemented with Zn through either organic or inorganic sources. However, Dey and Garg (19) observed an improvement in feed efficiency of weaned albino rats given organic Zn as compared to ZnSsupplemented and nonsupplemented groups.
Low performance in previous reports (17, 18, 20) using different sources of zinc could be due to the low levels of supplemented zinc in those studies.
Blood Zn status and enzyme activity
Results of this study further showed that the level of Zn in the plasma was increased in Zn-supplemented groups as compared to the control and in the ZnP group as compared to the ZnS group. Contrary to this result, Ryan et al. (3) did not find any difference in the plasma Zn concentration in adult sheep that were supplemented daily with 75 and 150 mg of Zn either as Bioplex Zn (chelated Means with different superscript letters in rows are significantly different (P < 0.05). Table 3 . Effect of different sources of zinc on in vitro ruminal fermentation parameters, gas production parameters, metabolizable energy, and short-chain fatty acid production in growing Zandi lambs. Our result suggests that adding 20 mg Zn/kg DM from organic or inorganic sources to finishing lambs' diet containing 22.8 mg Zn/kg DM will increase plasma Zn concentration. Similar to our findings, previous evidence demonstrated that supplementation of Zn could increase the plasma Zn concentration in male goats (5) and finishing lambs (18) .
No changes in SGOT and SGPT activities were observed while Zn was supplemented to the basal diets of lambs. Contrary to these findings, Daghash and Mousa (23) observed higher SGOT and SGPT activity in buffalo calves supplemented with 50 or 100 ppm Zn. However, similar to our findings, Mandal et al. (6) did not find any effect of Zn supplementation on SGOT and SGPT activity in lambs fed a basal diet supplemented with 20 mg/kg Zn either through inorganic (ZnSO 4 ) or organic [Znmethionine AA complex (Zn-meth)] sources.
In vivo digestibility and gas production parameters
The unchanged digestibility of DM, organic matter, and EE with Zn supplementation in the present study is not consistent with previous studies in steer (6) or lambs (4) in which organic and inorganic Zn supplements were used. In this regard, Salama et al. (5) observed that supplementation of dairy goats with 1 g/day ZnMet increased digestibility of DM and OM. Consistent with our results, Salama et al. (5) observed that the apparent digestibility of CP was higher in dairy goats receiving a diet supplemented with 1 g/day organic Zn. However, in the present experiment, supplementation of 20 mg organic Zn/kg DM improved the digestibility of NDF, suggesting a positive role for organic Zn supplementation in fiber digestion. In agreement with this, Garg et al. (4) found that supplementation of a diet containing 34 mg Zn/kg DM with 20 mg of organic Zn/kg DM improved ADF and cellulose digestibility.
In this study, supplementation of either organic or inorganic zinc had no effect on most gas production parameters except for asymptotic gas production (b), which was higher with ZnP as compared to ZnS and the control. Similarly, Vazquez-Armijo et al. (13) observed increased asymptotic gas production by adding 5.6 mg/ kg Zn to a basal diet containing 22.5 mg/kg Zn when compared to the control group (with no addition of Zn supplementation). Sobhanirad et al. (24) reported that supplementation of rumen fluid with Zn supplements had no effect on gas production parameters during wheat straw fermentation. However, these authors reported that supplementation of rumen fluid with Zn-methionine increased gas production during alfalfa hay fermentation.
Salama et al. (5) and Jia et al. (7) found no differences in the in vivo digestibility of DM in goats supplemented with Zn, which does not agree with our findings that Zn supplementation increased IVDMD as compared to the control. The increased IVDMD with Zn supplementation in the current study is consistent with the report of VazquezArmijo et al. (13) , who reported that adding 5.6 mg Zn/kg DM to a basal diet containing 22.5 mg/kg Zn increased IVDMD. In contrast, Arelovich et al. (25) observed a negative effect of high levels of Zn supplementation on IVDMD.
The ME content and production of SCFAs were increased with ZnP compared with ZnS and the control, which is in agreement with Arelovich et al. (25) . Increased ruminal production of SCFAs with ZnP is related to increased energetic efficiency of ruminal fermentation and could explain some of the benefits associated with chelated Zn supplements (25) .
In conclusion, supplementation of growing lambs with 20 mg Zn/kg DM as ZnP in a basal diet containing 22.8 mg Zn/kg DM significantly improved performance, digestibility of CP and NDF, IVDMD, and ME and SCFA production.
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